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2Faculty of Physics and Center for Nanointegration (CENIDE), University of Duisburg-Essen,
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(Received 7 May 2014; accepted 4 August 2014; published online 20 August 2014)
Theoretical studies on the structure, stability, and magnetic properties of icosahedral TM13 (TM = Fe,
Co, Ni) clusters, deposited on pristine (defect free) and defective graphene sheet as well as graphene
flakes, have been carried out within a gradient corrected density functional framework. The defects
considered in our study include a carbon vacancy for the graphene sheet and a five-membered and a
seven-membered ring structures for graphene flakes (finite graphene chunks). It is observed that the
presence of defect in the substrate has a profound influence on the electronic structure and magnetic
properties of graphene-transition metal complexes, thereby increasing the binding strength of the
TM cluster on to the graphene substrate. Among TM13 clusters, Co13 is absorbed relatively more
strongly on pristine and defective graphene as compared to Fe13 and Ni13 clusters. The adsorbed
clusters show reduced magnetic moment compared to the free clusters. © 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4893328]
I. INTRODUCTION
Graphene is a promising substrate material due to the
inertness.1–3 Its unique electronic structure,4, 5 such as a point-
like Fermi surface and linear dispersion of bands near the
Fermi level, renders it as a unique material for studying bal-
listic transport and quantum Hall effect.6 It can act as a ver-
satile substrate material for nano electronics.7 It is an attrac-
tive material for efficient extraction of light over a wide range
of wavelengths enabling for optoelectronic applications.8 The
photoconductivity of graphene is altered by the adsorption of
atmospheric gases.9 This property can be used to develop gas
sensors. Apart from these fascinating properties, deposited
transition metal clusters on graphene show high catalytic
activity.10–14 Several experimental studies also exist for the
chemical activities of Ni,15 Co,16 Pt,17–21 Pd,22 and Rh23 clus-
ters on different carbon supports.
Although several studies exist for the magnetic properties
of graphene-supported clusters of 4d or 5d elements such as
Pd or Pt, such studies are still quite limited for clusters of fer-
romagnetic 3d elements such as Fe, Co, and Ni. In particular,
there are few studies on magneto-crystalline anisotropy that
is critical for magnetic storage devices.24, 25 It has been shown
that Co dimers adsorbed on graphene show a large magnetic
anisotropy.24 In spite of the fact that many theoretical studies
based on density functional theory (DFT) exist for graphene
supported Fe, Co, and Ni adatoms and dimers,26–29 studies
for still larger clusters are limited.30, 31 For example, Johll
et al.30 and Longo et al.32 have studied the structural, mag-
netic, and electronic properties of the graphene supported Fe,
Co, and Ni clusters only up to 4 atoms. In this work, we deal
with still larger clusters consisting of 13 atoms supported on
graphene.
a)E-mail: ssahoo2@vcu.edu
It has been reported that presence of carbon vacancies
in graphene modifies the physical and chemical properties of
graphene significantly.33–36 In particular, it has been observed
that defect sites act as pinning centers and possess high ad-
sorption energies.37 This property can be used to manipulate
materials at atomistic scale; for example, Wang et al. have
used defect sites of graphene for controlled growth of Fe,
Co, and Ni nano particles38 in their experiments. In fact, due
to the two-dimensional hexagonal structure, graphene shows
several kinds of topological defects39 such as pentagonal de-
fects, i.e., a local five-membered ring structure (5-m), hep-
tagonal defects, i.e., a local seven-membered ring structure
(7-m), or a combination of both, known as the Stone-Wales
defect.40, 41 Using tight-binding molecular dynamics simula-
tions Lee et al.42 have studied the diffusion, coalescence, and
reconstruction of these defects and find that the coalescence
of two single vacancies into a double vacancy and thus Stone-
Wales type reconstructions are probabilistic. Their calcula-
tions also show that four single vacancies reconstruct into two
collective 555-777 defects. In view of all these reports, it is
worthwhile to study the influence of vacancy type defects in
graphene on the properties of deposited clusters.
In the present study, we have placed the closed geo-
metric shell TM13 (TM = Fe, Co, and Ni) clusters on both
pristine and defective graphene substrates and performed a
detailed investigation of the resulting change in geometry,
magnetism, and electronic properties of the clusters as well as
the substrate. The paper is organized as follows. In Sec. II, we
discuss the theoretical method used for our calculations. The
results and discussions are in Sec. III which is divided into
three subsections. The qualitative features of free TM13 clus-
ters are discussed in Sec. III A. Section III B contains results
of TM13 clusters adsorbed on pristine and defective graphene
sheet with a carbon vacancy. Section III C contains results
on TM13 clusters adsorbed on pristine, 5-m and 7-m type
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defective graphene flakes. Finally, in Sec. IV, the results are
summarized.
II. COMPUTATIONAL METHODS
Calculations have been performed within the frame-
work of DFT using the generalized gradient approxima-
tion (GGA). The Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional43 is used for the exchange and
correlation potential. The calculations are performed using
the Vienna ab initio simulation package (VASP),44, 45 which
uses a plane wave basis. The interactions between the core and
valence electrons are treated with the projector augmented
wave method.46 The TM13 clusters are adsorbed on pristine
graphene sheet which consists of a supercell constructed from
5 × 3 times the primitive cell of hexagonal graphene and
contains 60 C atoms. Periodic boundary condition is applied
along two directions of the planar graphene supercell while
the direction perpendicular to the graphene is treated with
open boundary condition by selecting a large vacuum in or-
der to minimize the image interactions. The geometry opti-
mization is done using the conjugate gradient method. The
integration in the Brillouin zone is done through a 2 × 2 × 1
k-points mesh. The self-consistent field calculations are car-
ried out with the energy convergence criterion of 10−6 eV. The
electronic density of states (DOS) are calculated with Gaus-
sian broadening parameter of 0.05 eV and a k-points mesh of
11 × 11 × 1 for graphene sheet.
Graphene flakes (finite chunks of graphene) can be
treated as a zero-dimensional system and hence supercell cal-
culations similar to clusters can be performed. In case of the
pristine, 5-m and 7-m graphene flakes we used hydrogen-
terminated clusters C54H18, C45H15, and C63H21, respectively.
A supercell size of 23 × 23 × 15 Å3 is used for pristine and
5-m graphene flakes and 26 × 26 × 15 Å3 supercell size is
used for 7-m graphene flake in order to minimize the interac-
tion between the periodic images. The cluster calculations are
done at the -point of the Brillouin zone.
III. RESULTS AND DISCUSSION
A. Properties of TM13 clusters
The closed shell clusters with icosahedral geometry are
highly symmetric and show enhanced stability compared to
other geometries.47–50 Thus, we have selected these closed-
shell TM13 clusters for our studies to adsorb on graphene. The
structures chosen for the studies have the center-to-shell dis-
tances (dCenter-shell) 2.39 Å, 2.33 Å, and 2.32 Å for Fe13, Co13,
and Ni13, respectively, which gives the minimum energy. It
has been reported earlier that Fe13 has two magnetic states
with energy separation of 29 meV.25, 51 The high-spin state has
a magnetic moment of 44 μB/cluster (ferromagnetic), while
the low-spin state has a magnetic moment of 34 μB/cluster,
where the center Fe atom has magnetic moment antiparallel
to that of the twelve neighboring Fe atoms.52 In contrast to
Fe13, only one spin state with ferromagnetic alignment for all
sites is found for Co13 (31 μB) and Ni13 (8 μB). The high
spin state of Fe13 with 44 μB was found to be more stable
and has been used for the studies of adsorption of Fe13 clus-
ter on graphene sheets and graphene flakes as discussed in
the following subsections.
B. TM13 clusters on graphene sheet
The cluster with icosahedral geometry can be adsorbed
on the graphene sheet with three possible orientations,
namely, the vertex (top of atom) facing graphene, the bond-
ing edge of surface atoms (bond site) facing graphene, or the
triangular facet facing the substrate. Among these configura-
tions, for Fe13 and Ni13 on graphene, the lowest energy struc-
ture has the triangular facet of the cluster facing the graphene,
whereas for Co13 on graphene an orientation with the edge site
of the cluster facing the graphene sheet is found to be energet-
ically most favorable. The optimized geometries for the sta-
ble configurations are shown in Fig. 1. A complete relaxation
for all atoms of TM13 clusters deposited on graphene results
in distortion of the icosahedral geometry with a slight appear-
ance of the local distortion on the graphene substrate (approx-
imately 1.4%, i.e., the C–C bond length increases from 1.43 Å
to 1.45 Å).
Among three types of TM13 clusters considered, the max-
imum distortion is observed for adsorbed Co13, where the
center-shell distance (cluster radius) varies from 2.30 Å to
2.51 Å (dCenter-shell = 0.21 Å) as compared to that of the
adsorbed Fe13 and Ni13 on graphene with dCenter-shell values
of 0.14 Å and 0.12 Å, respectively. The average center-shell
distances for TM13 clusters are reported in Table I.
Analysis of the TM–C bonds shows that three facet Fe
atoms of the Fe13 cluster facing the graphene sheet are bonded
to six carbon atoms of a hexagonal ring of the graphene sheet.
On the other hand for Co13, four Co atoms facing the graphene
sheet have a tendency to form bonds with the C atoms. The
orientation of the relaxed Co13 is such that one of the four
Co atoms is bonded to six C atoms of a hexagonal ring of
graphene, with the average Co–C bond length of 2.15 Å. As
a result of bonding of Co to several C atoms, the magnetic
moment of the Co atom is reduced to 0.82 μB, while the av-
erage magnetic moment for rest twelve Co atoms amounts to
1.68 μB. The average Co–C bond length of Co atom bonded
(a) (b)
(c)
Fe Co
Ni
FIG. 1. Optimized structures of Fe13 (a), Co13 (b), and Ni13 (c) clusters on
pristine graphene sheet. The dark (purple) and the light (grey) balls represent
the TM and C atoms, respectively.
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TABLE I. Table showing the adsorption energy EAds (eV), magnetic moments (μB), center to shell distance of the cluster (dCenter-shell) in Å, and the Bader
charges (qB) of elemental species. MTot, 〈MTM〉, and 〈MC〉 denote the total magnetic moments, average magnetic moment on TM13, and average magnetic
moment on C atoms, respectively. 〈dCenter-shell〉 is the average center to shell distance for TM13 clusters. 〈qBC 〉 represents the average Bader charge of TM atom
in the cluster and on the C atom in the graphene, respectively. The number of electrons treated as valence electrons are 8, 9, 10, and 4 for Fe, Co, Ni, and C,
respectively.
Magnetic moment Bader charges (e)
TM Case No. of electrons EAds MTot 〈MTM〉 〈MC〉 〈dCenter-shell〉 〈qBTM〉 〈qBC 〉
Fe Pristine sheet 344 0.882 39 2.789 0.019 2.399 7.919 4.174
Defect sheet 340 6.837 36 2.578 0.030 2.391 7.884 4.163
Pristine flake 338 0.667 40 2.837 0.021 2.397 7.943 4.087
5-m flake (concave) 299 2.807 35 2.594 0.010 2.412 7.849 4.112
7-m flake 377 2.502 37 2.681 0.021 2.390 7.898 4.107
Co Pristine sheet 357 2.144 21 1.618 0.010 2.367 8.914 4.116
Defect sheet 353 7.998 19 1.490 0.019 2.336 8.886 4.138
Pristine flake 351 2.021 21 1.614 0.010 2.366 8.916 4.081
5-m flake (concave) 312 4.307 22 1.661 0.010 2.374 8.884 4.109
7-m flake 390 3.716 24 1.709 0.009 2.334 8.914 4.089
Ni Pristine sheet 370 1.772 8 0.647 0.003 2.348 9.951 4.145
Defect sheet 366 7.421 6 0.489 0.006 2.357 9.911 4.112
Pristine flake 364 1.603 8 0.648 0.004 2.349 9.957 4.164
5-m flake (convex) 325 2.973 9 0.696 0.001 2.341 9.955 4.119
7-m flake 403 3.737 7 0.573 0.006 2.354 9.941 4.081
to three C atoms is the smallest with the value of 2.09 Å,
while the two Co atoms bonded to two C atoms of graphene
have an average bond length of 2.22 Å. On the other hand,
the adsorbed Ni cluster on graphene sheet exhibits a similar
structural pattern as observed for Fe. Details of the bonding
feature can be seen in Fig. 1. The C atoms which are close
to the cluster slightly move from their positions in the direc-
tion perpendicular to the surface thereby generating a slightly
concave (carbon atoms move away from the cluster) or con-
vex (carbon atoms move towards the cluster) topology. The
maximum displacement of the carbon atoms is observed for
Co adsorbtion, where the carbon atoms move away from the
cluster by almost 0.44 Å, similarly for Fe adsorption the car-
bon atoms move by 0.18 Å, both tending to form concave
geometry. On the other hand, Ni adsorption leads to a con-
vex topology, where the carbon atoms move almost 0.23 Å
towards the Ni cluster. This observation is also reflected for
5-m graphene flake, as is discussed in Sec. III C in the follow-
ing.
The binding strength between the cluster and graphene is
given by the adsorption energy (EAds), which is defined as
EAds = EClusterTot + EGrapheneTot − E(Cluster+Graphene)Tot . (1)
Here, EClusterTot is the total energy of free TM cluster, E
Graphene
Tot
is the total energy of (pristine or defective) graphene sheet
or graphene flake, and E(Cluster+Graphene)Tot is the total energy of
the cluster adsorbed on (pristine or defective) graphene sheet
or graphene flake. The EAds and magnetic moments for the
deposited clusters are presented in Table I. Our results show
large EAds for Co13 followed by Ni13 clusters as compared to
that of Fe13. This indicates that Fe13 is weakly bound to the
pristine graphene. Similar tendency has been also observed
for Fe adatom on pristine graphene.28
In order to study the adsorption of clusters on defective
graphene, we first introduced point defect to the graphene
sheet only with a single carbon vacancy in the lattice. The
substrate when relaxed show local reconstruction of atoms
around the defect for the atoms A, B, and C as shown in
Fig. 2(a). The structural distortion has characteristics of the
Jahn-Teller (JT) effect,53 where the system undergoes struc-
tural distortions accompanied by the removal of degeneracy
of electronic states at the Fermi level. It must be empha-
sized that we have found two different types of JT distortions
with different relaxation settings. In one case a constrained
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FIG. 2. (a) The local relaxation of graphene sheet with a monovacancy ob-
tained from our calculations, where the grey balls represent the carbon atoms.
The relative bond lengths of carbon atoms in close proximity to the vacancy
and marked as A, B, and C are shown in Table II. (b) The density of states
(DOS) for the unrelaxed (lower panel), relaxation constrained to xy-plane
(middle panel), and free relaxation (upper panel) of graphene sheet having
monovacancy is shown, respectively. The dark solid line (black) indicates
the average DOS for carbon atoms nearest neighbor to the vacancy (n.n. C),
while the light solid line (red) shows the DOS for the C atoms occupying the
next nearest neighbor positions from the vacancy (n.n.n. C). The vertical line
represents the Fermi level which is fixed to zero.
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TABLE II. Relaxation of graphene with monovacancy constrained to xy-
plane and free relaxation give two distinct Jahn-Teller distorted structures,
which is shown for different total magnetic moment values (M in μB). The
relaxed structural parameters with respect to Figure 2(a) are tabulated. The
largest bond length (d in Å) of the C–C bond around the monovacancy and
other two bond lengths referenced to the largest bond length are shown. The
energy (E in eV) is shown with respect to the lowest energy obtained for
respective type of relaxation.
Relaxation along xy plane Complete relaxation
M E dBC dAB/dBC dAC/dBC E dAB dAC/dAB dBC/dAB
0.00 0.095 2.653 0.924 0.924 0.116 2.612 0.990 0.800
1.00 0.039 2.639 0.924 0.923 0.030 2.599 0.990 0.786
1.56 0.0 2.641 0.923 0.923 0.0 2.600 0.990 0.791
2.00 0.030 2.649 0.925 0.925 0.050 2.611 0.990 0.896
3.00 0.627 2.621 0.945 0.945 0.732 2.610 0.989 0.803
4.00 1.399 2.563 0.982 0.982 1.685 2.498 0.990 0.800
relaxation with the atomic movement restricted to the xy plane
(xy relax) was done which gave a distorted triangle where
the C–C distance dBC is larger than dAB and dAC with dAB
= dAC. However, we could find another JT distorted struc-
ture for defect graphene via relaxation with complete freedom
to the atomic movements (complete relaxation). In the latter
case dBC was the shortest bond length. The energetics and
bond lengths for both relaxation patterns are listed in Table II.
The complete relaxed structure is about 3 meV/atom lower in
total energy than the xy relaxed structure. The complete re-
laxed structure is in agreement with other DFT studies31, 54–56
and the structure of defect graphene has been observed in
experiments under the high resolution transmission electron
microscope; see Fig. 3(f) of Ref. 57. The electronic DOS of
defective graphene for the two different JT distortions to-
gether with the unrelaxed case is shown in Fig. 2(b). The
spin polarized DOS for unrelaxed defect graphene shows the
states passing through the Fermi energy in both spin chan-
nels. After relaxation, the degeneracy is lifted due to the
change in crystal field splittings which is a result of devia-
tion from local symmetry due to reconstruction. The crystal
field splitting appears more strongly on the nearest neigh-
bor carbon atoms surrounding the vacancy (atoms marked
A, B, and C in Fig. 2(a)) for both the relaxed geometry.
The splitting is larger in case of the freely relaxed defective
graphene.
Figure 2(b) also shows the exchange splitting between the
majority and minority DOS due to the appearance of the mag-
netic moment for the complete relaxed defective graphene.
The magnetic moment for the defective graphene sheet is
found to be 1.60 μB/supercell, which is consistent with previ-
ous studies58 (the unrelaxed structure shows a magnetic mo-
ment of 1.18 μB/supercell). The magnetic moment is spread
nonuniformly on the atomic sites, with the carbon atoms close
to the vacancy site having the largest magnetic moment with
0.40 μB, while the magnetic moment on C atoms decreases
rapidly as the distance from the vacancy site is increased with
the carbon atoms reasonably far away from defect site having
no magnetic moment. The appearance of magnetic moment in
defective graphene is important, especially for studies of TM
(a) (b)
Fe, Ni Co
FIG. 3. Optimized structures of (a) Fe13 and Ni13, and (b) Co13 clusters ad-
sorbed on graphene sheet with a monovacancy defect. The vertex atom of the
icosahedral TM cluster is bonded to the C atoms surrounding the monova-
cancy. The dark (purple) balls and the light (grey) balls represent the TM and
C atoms, respectively.
cluster adsorbed on defective graphene as the magnetic mo-
ment of defect graphene will interact and influence the mag-
netic moment of the TM clusters.
The TM13 clusters were deposited on to the graphene
sheet with monovacancy defect and allowed to relax com-
pletely. Figure 3 shows the optimized structures of TM13 clus-
ters adsorbed on graphene with monovacancy defect. While
Fe13 and Ni13 are found to be adsorbed in an orientation where
one of the vertex atoms of the icosahedral cluster is bonded
with the C atoms surrounding the monovacancy site of de-
fective graphene, Co13, on the other hand, relaxes to a tilted
orientation owing to its tendency to maximize Co–C bonds.
The minimum and maximum bond lengths from the center to
the surface atom in Ni13 cluster are 2.24 Å and 2.51 Å, respec-
tively, giving a variation (dCenter-shell) of 0.27 Å. While, for
Fe13 and Co13 the dCenter-shell are 0.26 Å and 0.22 Å, respec-
tively. This tendency is opposite to that observed for TM13
adsorbed on pristine graphene where Co13 shows the maxi-
mum distortion (previously mentioned). The average center-
shell distances for all cases considered are listed in Table I.
In addition, the C atoms in the substrate which are close to
the clusters show local distortions and are pulled towards the
cluster which is most notable for the Co13 adsorbed on defec-
tive graphene sheet.
The values for the EAds and magnetic moments for these
clusters are shown in Table I. We observe significant enhance-
ment in the EAds for TM13 clusters on defective graphene as
compared to that of the clusters adsorbed on pristine graphene
because the dangling bonds of the three carbon atoms in the
presence of a carbon vacancy are bonded to the TM13 clus-
ter, thereby resulting in the stability and lowering the total
energy. The EAds for Co13 is found to be more as compared
to Fe13 and Ni13 adsorbed on defective graphene sheet as ob-
served for TM13 adsorbed in pristine graphene sheet. This im-
plies that Co13 is strongly bound to the defect graphene sheet.
Our calculated value of EAds for Fe13 on defective graphene is
consistent with previously reported value.31 We also observe
a large charge transfer from cluster to graphene for the case
of defective sheet which is 0.12e (Fe13), 0.11e (Co13), and
0.09e (Ni13) as compared to that of the clusters adsorbed on
pristine sheet which is 0.08e, 0.09e, and 0.05e for Fe13, Co13,
and Ni13, respectively. The amounts of charge on both clus-
ter and graphene are listed in Table I using the Bader charge
analysis.59, 60 The average Bader charges on clusters 〈qBTM〉
are calculated on the TM atoms close to the graphene sub-
strate forming the nearest neighbor TM–C bonds, similarly,
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FIG. 4. Variation of the total energy with respect to minimum energy ob-
tained for the adsorbed Fe13 (a), Co13 (b), and Ni13 (c) clusters as a function
of fixed spin moment. The symbols diamond, circle, down triangle, square,
and up triangle are denoted for pristine graphene sheet, graphene sheet with
monovacancy, pristine graphene flake, 5-m graphene flake, and 7-m graphene
flake, respectively. The light (yellow) and grey (cyan) fillings of the sym-
bols represent cases for graphene sheet and graphene flakes, respectively. The
black line for each case indicates the total energy differences for the free clus-
ters which are multiplied by a factor of five, three, five, respectively, for Fe,
Co, and Ni, in order to match the y-axis range.
the average charge on C-atoms 〈qBC 〉 are calculated for those
C-atoms bonded to the TM atoms.
Figure 4 shows the energy difference (E) obtained with
respect to the minimum energy versus the spin moment for
various cases of TM13 adsorbed on graphene using the fixed
spin moment method. The diamond and circle compare the
TM13 adsorption on pristine and defective graphene sheet,
respectively. The magnetic moments of the adsorbed TM13
clusters on pristine and defective graphene are found to be
reduced with respect to their corresponding free clusters for
Fe and Co. For example, the total magnetic moment for ad-
sorbed Fe13 on pristine graphene is found to be 39 μB, which
is 5 μB lower than the magnetic moment of free Fe13 cluster
with value 44 μB/cluster. A larger reduction of magnetic mo-
ment is found for Co13 (where the total magnetic moment is
reduced by 10 μB, i.e., from 31 μB to 21 μB), while for Ni13
the magnetic moment remains unchanged. The reduction of
magnetic moment on TM13 adsorbed on defective graphene
is relatively more than the corresponding pristine case, i.e.,
the total magnetic moment is reduced by 8 μB, 12 μB, and
2 μB for Fe, Co, and Ni clusters, respectively. This is due to
the fact that the dangling carbon atoms in the defect graphene
are strongly hybridized with the d-states of the cluster atoms,
thereby reducing the magnetic moment. The magnetic mo-
ment of the vertex atom for Fe13 and Ni13 adsorbed on defec-
tive sheet has lower magnitude. They are estimated to be 0.45
μB and 0.05 μB in comparison to 2.75 μB and 0.53 μB for the
average magnetic moment of rest twelve atoms for Fe13 and
Ni13, respectively. In fact, the magnetic moments of Ni atoms
vary from 0.44 μB to 0.80 μB (except the vertex atom facing
graphene surface) depending on how far the atoms lie from
the graphene surface. In case of Co13 cluster deposited on de-
fective graphene, we find that two atoms which are close to
the graphene surface have significantly low magnetic moment
with values 0.12 μB and 1.01 μB which are aligned antiparal-
lel to each other. The average magnetic moment per Co atom
for other atoms in the cluster amount to 1.66 μB. We observe
induced magnetic moment on the C atoms in the graphene
sheet. The induced magnetic moment has a value of 0.23 μB
for adsorbed Fe13, 0.12 μB for adsorbed Co13, and 0.05 μB
for adsorbed Ni13 on graphene. Similar effects have been pre-
viously observed for adatoms adsorbed on graphene.27 The
value of the magnetic moments for TM13 adsorbed on pris-
tine and defective graphene are tabulated in Table I.
A recent theoretical study by Gao et al.61 for Ni clusters
(up to nine atoms) adsorbed on monovacancy defect graphene
has shown that the ground state geometry of Ni cluster is a
configuration where one of the Ni atoms lies at the other side
of graphene sheet than the rest of the atoms in the cluster. In
order to check whether 13-atom icosahedral clusters also pre-
fer such type of distribution of atoms as a low-energy struc-
ture, we performed additional calculations where we deliber-
ately moved the vertex atom of the cluster facing the graphene
sheet with monovacancy to the other side of the surface. Thus
one adatom and a twelve atom cluster lie on two sides of the
graphene sheet facing each other through the monovacancy
defect. After performing the structural optimization, the total
energies are compared with the case of 13-atom icosahedral
cluster adsorbed on one side of the defected graphene sheet
which have been systematically used in the present study. We
find that clusters on one side of the graphene sheet are ener-
getically more favorable than the case where one atom of the
cluster lies on the opposite side of the sheet. The energy dif-
ference amounts to 84.41 meV/atom, 33.36 meV/atom, and
19.62 meV/atom for Fe, Co, and Ni, respectively. The relaxed
structures of TM clusters with one of the TM atoms lying on
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the opposite side of graphene surface show that the adatom
is bonded to the three C atoms of the substrate surrounding
the monovacancy. The relaxation of rest twelve atoms is sig-
nificant for Ni which undergoes a lateral displacement such
that one of the vertex atoms is bonded to the three carbon
atoms surrounding the monovacancy. This leads to the forma-
tion of one Ni–Ni bond between the Ni atoms placed on the
opposite side of the graphene sheet through the vacancy re-
gion. This is unlike the Fe and Co clusters, where the twelve
atom clusters were observed to have closed geometry. While
the total magnetic moment of Co13 cluster did not change, the
total magnetic moment of Fe13 cluster is reduced by 4 μB to
a value of 32 μB, while the total magnetic moment of Ni13
cluster is increased by 2 μB to give 8 μB (compare the to-
tal magnetic moment for the cluster adsorbed on one side of
defective graphene sheet from Table I).
C. Clusters on 5-m and 7-m graphene flakes
In addition to clusters supported on graphene sheet, we
have studied the adsorption of TM13 clusters on graphene
flakes. The graphene flakes consist of finite chunks of
graphene and are passivated with H at the edge carbon atoms,
which we name as pristine graphene flake. In order to study
the role of defects in the graphene flakes on the adsorption
of TM13 clusters, we consider the pentagonal and heptago-
nal structural defects, namely, 5-m and 7-m graphene flakes.
The hydrocarbon clusters with C54H18, C45H15, and C63H21
are considered in our studies for the pristine, 5-m and 7-m
graphene flakes, respectively.
For clusters on pristine graphene flake, the optimized
structures of Fe13 and Ni13 are shown in Fig. 5(a) (owing to
the similarity in geometry, they are shown in one figure) and
that of the Co13 in Fig. 5(b). The structural configurations are
similar to that of the respective TM13 clusters adsorbed on
pristine graphene sheet (refer Fig. 1). Similar to that of the
pristine graphene sheet, Co13 is adsorbed on pristine graphene
flake with an orientation where one of the Co atoms is bonded
to six C atoms of a hexagonal ring of the graphene flake. As
a result, the magnetic moment of the Co atom is reduced to
a value 0.63 μB as compared to the average magnetic mo-
ment of other twelve Co atoms as 1.69 μB/atom. Such drastic
reduction of atomic moment of one of the atoms is not ob-
served for Fe13 adsorbed on graphene flake, while for Ni13, the
atomic magnetic moment varies from 0.35 μB to 0.83 μB—
the farther the Ni atom from the surface of graphene flake,
the larger is the magnetic moment. These tendencies are sim-
ilar to TM13 adsorbed on pristine graphene sheet. The EAds
and magnetic moments of these clusters on both 5-m and 7-m
graphene flakes are listed in Table I. It shows that the EAds
for TM13 clusters is enhanced for the defect graphene flakes
compared to that of the pristine graphene flake. The optimized
structures for clusters on graphene flakes (pristine and defec-
tive) are shown in Fig. 5. TM13 clusters on 5-m graphene flake
have a large binding strength compared to those of on 7-m
graphene flake for Fe and Co. Similar trends have been ob-
served from DFT for Pt13 and Au13 clusters adsorbed on 5-m
and 7-m graphene flakes.62 However, Ni13 shows an opposite
behavior where the EAds of Ni13 on 7-m graphene flake is en-
(a) (b)
(c) (d)
(e)
Fe, Ni Co
Fe, Co Ni
Fe, Co, Ni
Pristine graphene flake Pristine graphene flake
5-m graphene flake (concave)
5-m graphene flake (convex)
7-m graphene flake
FIG. 5. The optimized structures of (a) Fe13, Ni13 and (b) Co13 on pristine
graphene flake. The low energy structures of Fe13 and Co13 adsorbed on 5-m
graphene flake are shown in (c), while the low energy structures of Ni13 ad-
sorbed on 5-m graphene flake are shown in (d). It must be noted that while
Fe13 and Co13 favor a concave structure as in (c), Ni13 favors convex struc-
ture when adsorbed on 5-m graphene flake. The optimized structures of Fe13,
Co13, and Ni13 on 7-m graphene flake are shown in (e). Owing to the simi-
larity in optimized structures, only one figure is used for representation. The
larger dark shaded balls (purple), the light balls (grey), and smaller dark balls
(black) represent the TM, C, and the passivating hydrogen atoms, respec-
tively.
hanced relative to the 5-m graphene flake. This is attributed
to the different structural changes and the bending behavior
of the 5-m graphene flakes. The adsorption of TM13 clusters
on 5-m graphene flake results in two different bending trends,
namely, the concave geometry (where the 5-m graphene flake
bends towards the cluster allowing for maximum coordination
of the carbon atoms) and the convex geometry (where the 5-m
graphene flake bends away from the cluster). The energetics
and magnetic moments for the concave and convex geome-
tries of TM13 clusters are listed in Table III. For Fe13 and
Co13, it is found that the concave geometry is energetically
more favorable, whereas for Ni13 the convex geometry is more
favorable. Moreover, a reduction in the total magnetic mo-
ment is observed for Fe13 and Co13 clusters on 5-m graphene
flake, whereas for Ni13 the moment remains unchanged with
respect to the free Ni13 cluster. Among the adsorbed clusters
on graphene flakes, Fe13 and Co13 are strongly bound to the
5-m graphene flake with the EAds values of 2.81 eV and 4.31
eV, respectively, while Ni13 is strongly bound to 7-m graphene
flake with binding energy of 3.73 eV. The optimized geometry
of TM13 on 7-m graphene flake is similar, which is shown in
Fig. 5(e). Due to the topology of the 7-m graphene flake, there
is a possibility for the higher coordination of C atoms around
the TM atoms. We find that the average nearest neighbor bond
length of Fe–C, Co–C, and Ni–C are 2.18 Å, 2.10 Å, and
2.05 Å, respectively.
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TABLE III. The total energy differences (E = EConcave − EConvex) in
eV for the relaxed low energy structures and their corresponding magnetic
moments (μB) for TM13 clusters on concave and convex structures of 5-m
graphene flake as represented in Figs. 5(c) and 5(d), respectively. 〈dRing〉 is
the average C–C bondlength (defined as the average over six C atoms in the
ring) in the 5-m graphene flake.
Concave Convex
Cluster E 〈dRing〉 M 〈dRing〉 M
Fe13 − 0.435 1.429 35.0 1.455 39.0
Co13 − 1.159 1.425 22.0 1.461 24.0
Ni13 0.105 1.425 9.0 1.455 9.0
The plots in Fig. 4 show that the magnetic moment of
TM13 clusters on defect sheet can be sensitive to the surround-
ing environment and the external magnetic fields as the energy
differences for slight deviation of magnetic moment from the
low energy magnetic states are rather low. Fe allows for the
change in magnetic moment of about 4 μB (32 μB/cluster
to 36 μB/cluster, roughly), similarly, Co allows for 2 μB
(19 μB/cluster to 21 μB/cluster, roughly) and Ni allows 2 μB
(6 μB/cluster and 8 μB/cluster, roughly). On the other hand,
the magnetic moment changes for TM clusters deposited on
pristine and defective graphene flakes are associated with
large changes in total energies. This suggests that the TM
cluster-graphene flake system can be treated as system with
giant spins. Large magnetic moment and high magnetic
anisotropy are requisite for technological applications. Keep-
ing this in mind, we calculated the magneto-crystalline
anisotropy by considering the contribution due to spin-orbit
coupling. We have obtained magnetic anisotropy energy of
1.126 meV for Ni13 cluster on convex 5-m graphene flake,
which is several orders of magnitude higher than Ni bulk
(2.7 μeV/atom). The orbital moments along the easy and hard
axes are found to be 0.98 μB and 0.96 μB, respectively. Bader
charge (qB) analysis of average atomic charges on the TM
atom and on C atom shows that there is a transfer of elec-
tronic charges from the TM atoms of cluster to the C atoms
of graphene. The results are tabulated in Table I. It is ob-
served that the amounts of charge transfer are slightly in-
creased for Fe and Co clusters adsorbed on 5-m and 7-m
graphene flakes as compared to Fe and Co clusters adsorbed
on pristine graphene flake. An opposite tendency is observed
in case of Ni cluster adsorbed on 5-m and 7-m graphene flakes
as compared to Ni cluster adsorbed to pristine graphene flake
where the charge transfer decreases. For all the cases of TM
adsorbed on various types of graphene substrates, the EAds is
found to be proportional to the charge transfer from the TM
atoms of the cluster to the carbon atoms of graphene. As ob-
served from Table I, we note that although the EAds varies in
the order of EAds (pristine flake) < EAds (7-m flake) < EAds
(5-m flake), for Fe and Co clusters, the magnetic moments
do not follow similar trend. This is because of the structural
orientation of Co13, where the vertex Co atom has very low
magnetic moment due to the bonding with six C atoms form
a hexagonal ring of pristine graphene flake. Similar struc-
tural orientation is also found for Co13 adsorbed on pristine
graphene sheet, which is already discussed.
In order to analyze the variations in the magnetic mo-
ment for Fe13, Co13, and Ni13 clusters deposited on the 5-m
graphene flake between the two curvatures and the prefer-
ence of the convex shape for Ni13, we have plotted the site
and the orbital projected DOS for the lowest energy structures
for Fe13 and Co13 (cluster on concave 5-m graphene flake) in
Fig. 6. For Ni13, the corresponding DOS for the concave and
convex configurations are plotted in Fig. 7. We first consider
the concave geometries for all the clusters. Note that the mix-
ing between the C p-states and the TM d-states changes with
the elemental species of the cluster. The mixing is strongest
for Co13 and weakest in case of Ni13. In fact, the width of
the d-states is the lowest for the case of Ni13. A change from
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FIG. 6. Site and orbital projected average DOS of elemental species for Fe13 (a) and Co13 (b) on concave 5-m graphene flake (as shown in Fig. 5 (c)),
respectively. The average d-orbital contribution of the TM atoms is shown as black solid line in the upper panels, the dark (blue) and light (red) solid lines show
the average p-orbital contribution from C and TM atoms in the middle panel, and the dark (blue color) and light (red color) solid lines show the average s-orbital
contribution from C and TM atoms in the lower panel, respectively. The vertical lines represent the Fermi level which is set to zero.
 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:
128.172.48.59 On: Fri, 09 Oct 2015 17:48:43
074707-8 Sahoo et al. J. Chem. Phys. 141, 074707 (2014)
-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0
Energy (eV)
-0.1
0.0
0.1 s(C)
s(Ni)
-0.1
0.0
0.1
D
O
S 
(S
tat
es
/eV
/at
om
)
p(C)
p(Ni)
-3.0
-1.5
0.0
1.5
3.0
d(Ni)
-4.0 -3.0 -2.0 -1.0 0.0 1.0 2.0
Energy (eV)
-0.1
0.0
0.1 s(C)
s(Ni)
-0.1
0.0
0.1
D
O
S 
(S
tat
es
/eV
/at
om
)
p(C)
p(Ni)
-3.0
-1.5
0.0
1.5
3.0(b)(a)
d(Ni)
FIG. 7. Site and orbital projected average DOS of elemental species for Ni13 on concave (a) and convex (b) 5-m graphene flake (as shown in Fig. 5 (d)),
respectively. The average d-orbital contribution of the TM atoms is shown as black solid line in the upper panels, the dark (blue) and light (red) solid lines
show the average p-orbital contribution from C and TM atoms in the middle panel, and the dark (blue) and light (red) solid lines show the average s-orbital
contribution from C and TM atoms in the lower panel, respectively. The vertical lines represent the Fermi level which is set to zero.
convex to concave bending is expected to alter the mixing be-
tween the carbon p-states and the TM d-states (carbon s-states
are deeper in energy). In particular, any change in the mixing
with the d-states is expected to change the magnetic moment.
In view of the large hybridization, the change is expected to
be maximum for the case of Co13 and lowest for the case of
Ni13. Our calculated values indeed confirm this as Co13 un-
dergoes a change in moment by 4 μB as opposed to 2 μB for
the case of Fe13 and no change in the case of Ni13. Figure 7
also shows that the convex shape allows a slightly better mix-
ing between the C p-states and Ni d-states than the concave
shape. The better mixing is consistent with the change in cur-
vature to convex curvature for the case of Ni13.
IV. SUMMARY
To summarize, we have examined the suitability of pris-
tine graphene, defected graphene, pristine graphene flakes,
and defected graphene flakes as support for transition metal
clusters. Our investigations have been motivated by the fact
that free clusters, while interesting, need to be supported for
practical applications. The present investigations bring out
three important features. First, the clusters are more strongly
bound to the defected sheets and flakes indicating that the de-
fected systems are needed for stabilizing the clusters. Second,
the binding to the defected graphene (both sheets and flakes)
does not reduce the cluster magnetic moment significantly
compared to that of those on pristine sheet. For Fe13, the mag-
netic moment of the cluster deposited on 5-m graphene flake
is 35 μB only slightly reduced from the cluster deposited on
pristine sheet, i.e., 39 μB. On the other hand, Co13 and Ni13
undergo an enhancement of the magnetic moment as com-
pared to that of the pristine sheet of values of 21 μB/atom
and 8 μB/atom to 22 μB/atom and 9 μB/atom, respectively,
even though the deposition entails binding with carbon sites.
Finally, and surprisingly, the cluster deposition in the case of
Ni13 on 5-m graphene flake leads to a significant enhance-
ment of the magnetic anisotropy by a factor of ∼420 times
compared to the bulk value of 2.7 μeV/atom. This is par-
ticularly surprising since the conventional approach to en-
hance anisotropy is to deposit clusters on substrates such as Pt
marked by high spin-orbit coupling. Here, the enhancement is
mediated by carbon that is non magnetic with no significant
spin-orbit coupling. One of the quantities of interest is the ro-
bustness of the magnetic moments. Figure 4 shows that the
magnetic states on the 5-m graphene flakes are fairly robust
as any change in magnetic moment involves a larger change
in energy of the system. We hope that the present work will
stimulate the experimental studies for clusters on graphene
sheets and flakes to investigate the changes in magnetic mo-
ments and magnetic anisotropies.
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